-

View metadata, citation and similar papers at core.ac.uk brought to you byfz CORE

provided by HAL-CEA

HAL

archives-ouvertes

Microbeam dynamic shaping by closed-loop electrostatic
actuation using modal control
Chady Kharrat, Eric Colinet, Alina Voda

» To cite this version:

Chady Kharrat, Eric Colinet, Alina Voda. Microbeam dynamic shaping by closed-loop electro-
static actuation using modal control. Microelectronics and Electronics Conference, 2007, Ph.D.
Research in (PRIME 2007), Jul 2007, Bordeaux, France. pp.197 - 200, 2007. <hal-00371315>

HAL Id: hal-00371315
https://hal.archives-ouvertes.fr /hal-00371315
Submitted on 27 Mar 2009

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francgais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://core.ac.uk/display/52697972?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
https://hal.archives-ouvertes.fr
https://hal.archives-ouvertes.fr/hal-00371315

PRIME 2007 12.2

Microbeam dynamic shaping by closed-loop
electrostatic actuation using modal control

Chady Kharrat ', Eric Colinet ' and Alina Voda *

1. CEA - LETIL, MINATEC — Grenoble, France.

2 . GIPSA / LAG — Control System Department — Micro, nano sytems and SOC projects — Grenoble, France.

E-mail: chady.kharrat@cea.fr

Abstract— A closed-loop control approach for the dynamic
shaping of a microbeam by electrostatic actuation is described.
Starting from a desired displacements reference vector of NV
small segments of the beam (representing the approximation of
the continuous case), n controllers (n is the number of
considered modes) output the stresses that must be distributed
throughout the beam, on the N actuators. Because this
reference may vary with time, the controllers are designed so
that they accomplish good response dynamics, as well as
performance and robustness specifications. The innovation in
this method is that we control the dynamic -coefficients
associated to the modes of the microbeam and not directly the
physical displacements in each small segment, which reduces
the number of correctors from N to the number of » modes to
control.

I.  INTRODUCTION

The electrostatic actuation is a very common principle
and occupies a very important place in MEMS field whether
it is in AFM applications [1], mass sensors [2], data storage
[3], micro-accelerometers [4], micromirrors [5], positioning
for micromanufacturing [6] and many other applications. It
involves simple circuitry and has a major advantage in the
fact that it offers both electrostatic actuation as well as
integrated detection, without the need for an additional
position sensing device [7]. Its biggest disadvantage remains
in the presence of nonlinear equations linking the input
voltage to its resulting force as well as the ones linking the
measured capacitance output to the displacement. Besides,
the model of the microsystem’s mechanical part describes
nonlinear deformation behaviour due to nonlinear restoring
forces and coupling between different modes of the
structure [8]. In many applications, the system is considered
as a second order mass-spring system, representing only the
first mode by considering the beam as a plane one-block
non-deformable mass moving or vibrating in one dimension,
neglecting also the elongation of the beam as in [3-6]. This
can be done when considering small displacements of the
microstructure [9], which allows linearizing the model close
to a working point [10].

Other applications which use deformable membranes
describe the behaviour by two purely linear modes
corresponding to whether bending stresses or tensile stresses
are dominant [11]. In [12], the description of the
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microcantilever used as a sensor in AFM, includes different
modes of vibrations at their specific resonant frequencies,
based on the one-dimension Euler-Bernoulli equation.

This article aims to develop a closed-loop approach for the
dynamic control of a deformable microbeam’s shape using
electrostatic actuation with two sets of electrodes from both
sides of the beam. The approach is based on the detailed
modelling of MEMS following its multiple modes and by
taking into consideration the existing mechanical and
actuation nonlinearities and couplings. Its application can be
useful in micropumps as well as micromirrors. Some works
already present in the literature contributed to the
conception of the electrostatic MEMS especially for
deformable micromirrors. Some of them are based on
solving the non-linear mechanical inverse problem to
calculate the ideal pressure distribution and then the
voltages which reduce the residual deformations by
quadratic programming problem [13]. Others use the
deformation of the electrode shape to obtain a determined
relation voltage / capacity on output [14] but are used only
for steady state solutions. A nonlinear electrostatic control
from the two sides of an oscillating cantilever is also
described in [15] and serves as a reference for the
electrostatic actuation.

Our work is divided into three parts:

First, we study the detailed modelling of the microbeam and
the modal analysis of its behaviour. This is essential to
understand the relation between the external forces and the
deformation movement which vary according to the position
throughout the beam. Having obtained a precise model, a
control law can be designed to achieve the defined goals.

In the second part, a mode-based-control method is studied
to design a controller achieving desired specifications on the
dynamics of each mode as well as good performances and
robustness of the regulation. In our work, the controller used
so far is a PID which has the advantages of being simple to
integrate on the microscale device without requesting the
implementation of complex electronic circuitry.

The third part shows the implementation of the complete
device on Matlab using numerical parameters and exhibits
the simulation results. The System’s performance evaluation
is done by applying disturbances on input as well as noise
on output associated to electronic circuitry and ADC
converters.
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II. DEFORMATION MODELLING

The behaviour of the deformation of a rectangular
microbeam with length 7, thickness e, width /4, subjected to
an external distributed strength obeys to the following
differential equation:

£l 9 w(x, 1) FTO0D) 9> w(x,1) b ow(x, t)
ox* ox’ ot
rps IMD iy @)

or’
With S =he the transversal section of the beam, E the
Young’s modulus, / the moment of inertia, # the density, b
the friction coefficient associated to the interaction with the
surrounding fluid, W(x,?) the time dependent transverse
displacement at position x, and 7(w) is the stress associated
to the elongation of the beam.

r'fl\ll‘ E
‘:r Microbeam
P [ 33

Figure 1. A clamped-clamped microbeam with length /, thickness e, and
width h

Following Galerkin procedure of standard modal analysis,
w(x,1) can be written as:

w(x,t) = Zn:ak ®)w, (x) ?2)

where w, (x) are the n mode shape vectors verifying the

4
equation %=Ik‘wk (x), A; the correspondent
x

eigenvalues and ¢, (¢) the dynamic related coefficients.

A solution of this equation, with respect to the boundary
conditions and considering a clamped-clamped microbeam
(Fig. 1) is the space formed by the vectors:

W (¥) = 4,0,(X)= 4, {cos(/ikx) - cs‘:zgjg ::;Shh(%ll)) sin
cos(4,7)—cosh(4,/)
sin(4,/) —sinh(4,/)
where A, verify cos(4,/) =1/cosh(4,/) which leads to
(AD)=[473 7.85 1099 14.13 1727 -]

(/11( x)

—cosh(4,x) + sinh(/l,{x)} (©))

i -1/2
Choosing 4, =[ J' P} (x)dx] results in an orthonormal
0

base of defined w, (x) .

Using equation (2) in (1) and projecting on each vector Wi,
we get n equations representing the » modes:

n 2

Ela, 2} +T(w)z a, <d\42/k wi>+b.di +pS.ad, = <f‘wl>
k=1 dx

C))

These n equations can be written in a matrix form:
KX+NX)+BX+MX =F ®)
where X =[q,(r) a,(f) a®f, M=pSiI,,
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A0 0 .0 0
4 :
k=£1° % |, B= b, ,
0
0 0o 0 0 b,
(]
(£]w2)

d’w,
dx?

wl>
d’w, d’w,
2 Wn e e 2 W”
dx dx

The stress due to the elongation of the beam can be

. Al
expressed by the equation T(w):E.S.T, where

1 dw 18 dw, dw, 1, r
A[_zéf(de_JZZak e Ladi=—— (X140

“

Thus, one has N(X)= —Z—Z(XT AX)AX .

III. CONTROLLER DESIGN

In this section, a controller is designed so that it ensures
the tracking of the microbeam displacements set to a given
dynamic reference. The force calculated by the controller is
then transformed to the desired voltage properly distributed
on N electrodes (existing on both sides of the microbeam,
exhibiting positive and negative forces). Increasing the
number of the actuating electrodes leads to a better
approximation of the continuous case allowing better
approximated continuous deformation reference. In the
same time it increases the complexity of the
micromanufacturing, the number of control voltage sources
and the coupling between the electrodes which we neglect
for the moment, willing to take it into consideration in
future works especially at the NEMS scale. Besides, we
consider a direct accessibility to the N displacement values.
A rudimentary idea is to calculate the errors between the
measured displacements and their references for each
segment and then to produce the desired local force which
must be applied to achieve tracking at a cost of using a huge
network of N controllers. Also, one will be dealing with the
equation (1) directly and no desired dynamics can be
directly imposed on the displacement response. A better
idea is to control the dynamic coefficients associated to the
eigenvectors reasoning in the eigenmodes space. Having all

a,(t)= a, ., (f) means y(x,r) has the shape of W, (x,0),
Using this method, the number of PID controllers used is
reduced to n which is the number of modes taken into

consideration. When # is high, the shaping of the beam is
more accurately controlled. In our work, we limit it to the

19 8ﬁrst five modes.
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Let e(x,f)=w(x,t)=w,,(x,7) be the vector of N elements
representing the errors of tracking in each segment of the
beam. Projecting this vector on the eigenvectors base results
in » values of:

e (N=a,()=ay,, (1) 6)
The transfer function relating @;()to /,(?) neglecting the
nonlinear term is expressed by the following:

1
Gy L 7
+(5) ms® +b,s+k,
m, b, and k, are the k" parameters of the matrices M, B
and K described above.
For a determined desired dynamic response characterised by

the damping coefficient &, and the natural pulsation @, the
closed-loop desired transfer function for all the modes is
written as:

2

wa’
. 8
S +28 w5+ W) ®
For this purpose, PID controllers with the transfer function:

T, (s)=

K, (s)= P14 4 Ta5
TS Td
L
N
are chosen with the following parameters:
w,T, k
T, =b/k, ~ 1 P==r
28,0, 28,
_mlk, 1 T 1
a* T, 2%,m, N 28,0,
The force calculated is then equal to:
Iek (t)dt

Si@)=Ple,()+ Tdkék @+
ik
Thus we obtain a vector F(z) of n values. The distributed
force is recomposed with the following operation:

FGny =S fo 0w, ()

k=1

Knowing that the electrostatic force between the capacitor
plates (the electrode and the segment of the beam) generated

2
L'uz , the needed
(g-w)
voltage for each electrode is calculated by the following
equation:

by applying a voltage u is f = %

v(x,t) = ‘g —w(x, t)‘. w ®

possibie
W) gssrimes

recomp |1 f(x.8) =v(x.0)

4y Medsrement
) noise

Figure 2. Detailed diagram of the closed-loop system
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and is applied on the higher electrode if /(x,2) >0 and on
the lower electrode if /(x,1) <0,

IV. SIMULATIONS AND RESULTS

The above microbeam model is implemented in
Simulink/Matlab. The degrees of freedom for the
mechanical part are the geometry of the beam, the number
of modes taken into consideration and the physical
parameters associated to these modes defining their quality
factor.

A beam with length /=1335um width h=02um and
thickness € = 0.24m is considered. The moment of inertia is
then J =he’/12. The gap between the electrodes and the
surface of the beam is &=0.lum_ the density is

p=2232.10°, the young’s modulus is £ =169.10° and so

>

we have k, =EI1.4 and b, = VK m with m=p.eh and
0

0 =4000 for all the modes.

The bigger @, is, the bigger is the system’s bandwidth
with higher response speed. Yet, the noise effect on the
input is bigger, but with a better disturbance rejection. On
the other hand, when the damping £, is bigger, we have

less overshooting with slower response speed and less
disturbance rejection, but the noise is more attenuated. We

specified desired natural pulsation to be @, =5.10"rad/s

and &, =08 allowing good conciliation between all
specifications.

Simulation results are shown on fig. 3, 4, 5 and 6. Control
voltage inputs v, (x,f), the reference shape and the output

w(x,r) are presented at a fixed time ¢ , to show their

distribution on the beam (fig. 3). The dynamic evolution of
the beam’s shape is finally represented in fig. 4. The
reference displacements represented by the reference
dynamic coefficients a,,, (1) are shown in fig. 5 and the

modal reference tracking is described by the modal dynamic
errors (fig. 6).

In addition to the natural dynamic tracking errors which
depend on the controller design, slight errors exist because

. ES
of the nonlinear term N(X)= —2—I(XT AX).AX due to

the elongation of the beam which is taken into consideration
in simulations. Nevertheless, the residuals are less than 1%
of their correspondent references.

Tests on closed-loop system’s performance are done by
adding disturbance d(?) on the force input. Also the effect of
detection noise n(¢2) has been taken into consideration
(power distribution equal to le—42F*/Hz on a bandwidth
of 1MHz). Satisfactory results are obtained; however, the
design of an observer in the control loop would help
displacement reconstruction, surmounting the noise effect.
This point out one of our future interests.

V. CONCUSION

This paper details the design of a fully integrable
control loop for a microbeam dynamic shaping by
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«10° Deformation shape of the beam and its reference
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Figure 3. On top: reference shape of the microbeam and output shape
on fixed time instant # On bottom: corresponding voltage input
distributed on the electrodes on the same time # .
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Figure 4. Dynamic evolution of the beam’s shape in time, following a
sinusoidal time varying reference.
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Figure 5. On top: Each curve represents the evolution of a reference
dynamic coefficient of one of the 5 modes. On bottom: Tracking errors of
the dynamic coefficients of each mode. For a sinusoidal time function
reference, the errors do not exceed 1% of the reference values.

electrostatic actuation done with a set of N small electrodes
.on both sides of the microbeam. First of all, the detailed
modelling of the structure using modal analysis is presented.
The control of the beam’s shape with dynamic references is
accomplished by a set of n PID controllers after projecting
the tracking errors on the modal space of dimension #. This
procedure was successfully simulated on Matlab and control
specification with good performance and robustness were
obtained.
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